Haemophilus ducreyi is an extremely fastidious, gram-negative coccobacillus which causes chancroid, a sexually transmitted ulcerogenital disease that has a high degree of prevalence in some parts of Africa and Asia. In the United States, chancroid is uncommon (61) , and outbreaks are often associated with prostitution, crack cocaine usage, and multiple sex partners (15, 39) . Although chancroidal ulcers are usually relatively superficial, they can facilitate transmission of the human immunodeficiency virus (72) .
There is a paucity of information concerning the gene products which allow H. ducreyi to cause genital ulcers. The organism is apparently not able to invade intact skin (64) , and it is assumed that microabrasions sustained during sexual activity permit entry of the organism beneath the skin surface. The introduction of a number of new model systems for studying the interaction of H. ducreyi with host cells both in vitro and in vivo (8, 23, 24, 33, 68, 69, 71) has facilitated studies intended to identify virulence factors of this pathogen. In the past few years, a number of H. ducreyi gene products have been postulated to be involved directly or indirectly in virulence expression (7, 9-11, 17-19, 34, 37, 38, 48, 49, 59, 60, 66, 73) , including at least two proteins which have cytotoxic activity.
The first of these two cytotoxins was originally described by Lagergard and colleagues (15, 31, 32, 54, 56) as being present in H. ducreyi culture supernatant fluid and active against several different types of human epithelial cell lines (e.g., HeLa cells) in vitro. The second cytotoxin, first described by Palmer and Munson (45) , proved to be a hemolysin that was similar to the hemolysins expressed by Proteus mirabilis and Serratia marcescens, appeared to be bacterial cell-associated, and was found to kill human foreskin fibroblasts but not HeLa cells in culture (2, 43-45, 47, 70) . It was recently shown that an isogenic H. ducreyi hemolysin-deficient mutant caused pustule formation in the human model for experimental chancroid (47) .
The soluble cytotoxic activity in H. ducreyi culture supernatant fluid (15, 31, 32, 54, 56) was recently shown to be the result of the activity of a homolog of the cytolethal distending toxin (CDT) (13) expressed by a number of enteric pathogens, including Escherichia coli (26, 51, 62) , Shigella species (27, 42) , and Campylobacter species (28, 52) . CDT activity is characterized by relatively slow morphological changes in cultured epithelial cells, including progressive cellular distention and death within 96 to 120 h (26) .
The H. ducreyi CDT is chromosomally encoded by three genes, cdtA, cdtB, and cdtC (13) , whose predicted protein products possess 24 to 51% identity with the CdtABC proteins from E. coli (51, 62) . A monoclonal antibody (MAb) to the H. ducreyi CdtC protein neutralized CDT activity in vitro (13) and implicated at least the H. ducreyi cdtC gene product as being involved, directly or indirectly, in the expression of cytotoxic activity. As part of our continuing efforts to elucidate virulence mechanisms of H. ducreyi, we constructed an isogenic H. ducreyi cdtC mutant and tested this mutant in relevant in vitro and in vivo systems. Elimination of the ability to elaborate the CdtC protein caused this H. ducreyi mutant to be unable to kill HeLa cells and HaCaT keratinocytes in culture. In contrast, this mutation did not detectably affect the ability of H. ducreyi to cause skin lesions in the temperature-dependent rabbit model.
(Part of this research was presented by S. R. Lumbley at the 98th General Meeting of the American Society for Microbiology, Atlanta, Ga., 17 to 21 May 1998 [35] .)
MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used for the majority of the experiments in this study are listed in Table 1 . All H. ducreyi strains were cultivated on chocolate agar (CA) plates containing 1% (vol/vol) IsoVitaleX (BBL Microbiological Systems, Cockeysville, Md.) in a humidified atmosphere of 95% air-5% CO 2 at 33°C as described previously (53) . Stock cultures of all H. ducreyi strains were stored at Ϫ70°C in fetal bovine serum. H. ducreyi cultures used for cytotoxicity assays were grown in modified Columbia broth (74) . H. ducreyi transformants were isolated on either CA containing chloramphenicol (2 g/ml) or GC-heme agar (66) containing kanamycin (30 g/ml). E. coli strains HB101 and DH5␣ were grown in Luria-Bertani (LB) broth or on LB agar medium at 37°C. For selection of E. coli recombinants, chloramphenicol, kanamycin, and tetracycline were used at final concentrations of 30, 30, and 15 g/ml, respectively.
MAbs. Female BALB/c mice were immunized with purified fusion proteins consisting of six histidine residues (His) coupled to most or all of the putative mature forms of the H. ducreyi CdtA, CdtB, and CdtC proteins as described previously (13) . A synthetic peptide (EPTHRSGNILDYAILHDAHLPRREQA RER) derived from the amino acid sequence of the H. ducreyi CdtB protein was covalently coupled to keyhole limpet hemocyanin; this peptide-protein conjugate was used to immunize mice as described previously (74) . Splenocytes from the immunized mice were used in a hybridoma fusion protocol (57) , and culture supernatant fluids from these fusions were screened for the presence of MAbs by means of an enzyme-linked immunosorbent assay (ELISA). The antigens used in this ELISA to identify the CdtA-reactive MAb 1G8 and the CdtC-reactive MAbs 8C9 and 9E9 were the purified, homologous His-tagged fusion proteins. The CdtC-reactive MAb 9E9 was used for colony blot radioimmunassays (RIAs); the CdtC-reactive MAb 8C9 was used in Western blot analysis. Cell envelopes from a recombinant E. coli strain expressing a glutathione S-transferase-CdtB fusion protein were used in the ELISA to identify the CdtB-reactive MAb 20B2. The oligonucleotide primers used for PCR-based amplification of the portion of the cdtB gene used in this fusion construct were 5Ј-GCGGATCCAACTCATCATC ATCCCCACC-3Ј and 5Ј-TCCCCCGGGGCGATCACGAACAAAACTAACA G-3Ј; the underlined sequences denote BamHI and SmaI restriction sites, respectively, used to insert this gene fragment into the pGEX-4T-2 vector (Pharmacia Biotech, Piscataway, N.J.).
Preparation of bacterial culture supernatant fluid for cytotoxicity testing. After overnight growth (16 h), each E. coli or H. ducreyi culture was subjected to centrifugation at 7,600 ϫ g for 15 min to remove bacterial cells and debris, followed by centrifugation at 140,000 ϫ g for 2 h to remove membrane fragments. The resultant supernatant fluid was sterilized by filtration through a cellulose acetate filter (0.2-m pore size) and either used immediately for cytotoxicity testing or stored at Ϫ70°C until used. H. ducreyi CDT activity in bacterial culture supernatant fluid was stable for 1 month at Ϫ70°C.
Cytotoxicity assays. Three different human cell lines were used in cytotoxicity testing of bacterial culture supernatant fluids. HeLa cells (ATCC CRL7923) were grown in Dulbecco's minimal essential medium (GIBCO-BRL, Gaithersburg, Md.) with 10% (vol/vol) fetal bovine serum, 1% (vol/vol) GlutaMAX I (GIBCO), and both penicillin and streptomycin. A spontaneously immortalized human keratinocyte line (HaCaT) that shows normal keratinization and differentiation in vitro (6) was grown in the same medium as the HeLa cells with the addition of 25 mM HEPES buffer. A human foreskin fibroblast line described previously (3) was grown in RPMI 1640 (Mediatech, Herndon, Va.) with 10% (vol/vol) fetal bovine serum, 1 mM sodium pyruvate, 1% (vol/vol) GlutaMAX I, and both penicillin and streptomycin. All three cell lines were incubated in an atmosphere of 95% air-5% CO 2 at 37°C.
HeLa cells were seeded at 2 ϫ 10 4 cells per well in a 24-well tissue culture plate; the HaCaT keratinocytes and human foreskin fibroblasts were seeded at 6 ϫ 10 4 cells per well. After overnight incubation of the cells in 1 ml of the appropriate tissue culture medium, a 1-ml portion of filter-sterilized bacterial culture supernatant fluid was added to each well and the plates were incubated for 3 h as described above. Then, the fluid in each well was aspirated and replaced with fresh tissue culture medium. The plates were incubated for 72 to 96 h, at which time each well was photographed with an inverted phase-contrast microscope.
SDS-PAGE, Western blot, and colony blot analyses. Whole-cell lysates were prepared from bacterial cells grown overnight on solidified medium as described previously (22) . The bacterial cell suspension used to prepare the whole-cell lysate was adjusted to a density of 300 Klett units with a Klett-Summerson photoelectric colorimeter (Klett Manufacturing, New York, N.Y.). A 10-l portion of each whole-cell lysate was used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins resolved by this method were transferred to nitrocellulose for Western blot analysis (30) . Hybridoma culture supernatant fluids were used as the source of MAbs in all experiments. Affinity-purified and radioiodinated goat anti-mouse immunoglobulin was used as the secondary antibody in both Western blot analysis and the colony blot RIA (20) .
Nucleotide sequence analysis. A model 373A automated DNA sequencer (Applied Biosystems Inc., Foster City, Calif.) was used to determine the nucleotide sequences of DNAs contained in recombinant plasmids and PCR products. DNA sequences were assembled into larger contiguous sequences and analyzed by using AssemblyLign and MacVector DNA analysis software (version 6.0; Oxford Molecular Group, Campbell, Calif.). Cloning and mutagenesis of the H. ducreyi cdtABC gene cluster. The Pfu DNA polymerase system (Stratagene, La Jolla, Calif.) was employed to amplify DNA for use in construction of a plasmid containing the wild-type H. ducreyi cdtABC gene cluster. The oligonucleotide primers P1 (5Ј-GGAATTCCTTGTAGATTA TTCACCGTC-3Ј) and P2 (5Ј-CGGAATTCCAATTCCAGTTGATTCACC-3Ј) ( Fig. 1) were used in a PCR to generate a 3-kb DNA product from the H. ducreyi 35000 chromosome. This PCR product contained approximately 500 bp of contiguous H. ducreyi chromosomal DNA both upstream and downstream of the cdtABC gene cluster, together with the restriction site for EcoRI at each end (underlined in the oligonucleotide primer sequences). After digestion with EcoRI, this PCR-derived product was ligated into the EcoRI site in pBR322, and the ligation reaction mixture was used to transform E. coli DH5␣. After selection with tetracycline, the transformants were screened for reactivity with the H. ducreyi CdtC-reactive MAb 9E9. One of the tetracycline-resistant, MAb 9E9-reactive transformants was selected at random, and its recombinant plasmid was designated pJL300.
Plasmid pJL300 was digested with BseRI, which cuts once within the H. ducreyi cdtC gene (Fig. 1) , and the 1.4-kb chloramphenicol acetyltransferase gene (cat) cartridge was excised from the plasmid pUC⌬ECAT with the restriction enzyme BamHI. Both of these linear DNA molecules were treated with the Klenow fragment of DNA polymerase I (New England Biolabs, Beverly, Mass.) to create blunt ends, and then the cat cartridge was blunt-end ligated into the cdtC gene. The ligation mixture was used to transform E. coli DH5␣, and the desired recombinants were selected by growth on LB medium supplemented with chloramphenicol and then screened for lack of reactivity with the H. ducreyi CdtCreactive MAb 9E9 in the colony blot RIA. One of these chloramphenicolresistant transformants that was unreactive with MAb 9E9 was chosen at random, and its recombinant plasmid was designated pJL303 (Fig. 1 ). Construction of the isogenic H. ducreyi cdtC mutant. Plasmid pJL303, containing the mutated cdtC gene, was used to transform E. coli HB101. This plasmid was purified from this recombinant strain by means of the Wizard Plus Minipreps DNA Purification System (Promega, Madison, Wis.). Approximately 10 g of plasmid DNA was digested with NruI. After a phenol-chloroform extraction followed by a chloroform extraction, the linearized plasmid was precipitated by the addition of 1/10 volume of 3.0 M sodium acetate and 2 volumes of 100% ethanol, followed by two washes in 70% ethanol. The washed DNA was dissolved in 10 l of distilled water and used to electroporate H. ducreyi 35000 as described previously (22) . Chloramphenicol-resistant transformants were screened in a colony blot RIA for the absence of reactivity with the H. ducreyi CdtC-reactive MAb 9E9; one such transformant, designated 35000.303, was selected for further characterization.
Complementation analysis of E. coli and H. ducreyi strains. DNA containing the H. ducreyi cdtC gene was amplified from the H. ducreyi 35000 chromosome by PCR with the Pfu DNA polymerase system (Stratagene) together with the oligonucleotide primers P3 (5Ј-GGAATTCTGCACATTTACCACGTAG-3Ј) and P4 (5Ј-GGAATTCATCTTACTGCGTCTGCCTGG-3Ј) (Fig. 1) . Both primers contained EcoRI sites (underlined). This 813-bp fragment was ligated into the EcoRI site in pLS88 (16) , and the ligation reaction mixture was used to transform E. coli DH5␣. Kanamycin-resistant E. coli recombinants expressing the H. ducreyi CdtC protein were identified by their reactivity with the H. ducreyi CdtC-reactive MAb 9E9 in the colony blot RIA. The recombinant plasmid from one of these MAb 9E9-reactive transformants was designated pJL300-C and was used to electroporate both E. coli DH5␣(pJL303) and the H. ducreyi cdtC mutant 35000.303; in both instances, the desired transformants were selected with kanamycin.
Southern blot analysis. Purified chromosomal DNAs from H. ducreyi strains were digested to completion with PstI and used in Southern blot analysis as described previously (74) . The probe for the cdtC gene was obtained by PCR with the oligonucleotide primers P5 (5Ј-ATGTTTTGCTTTCCTGGG-3Ј) and P6 (5Ј-ACCCTGATTTCTTCGCAC-3Ј) (Fig. 1) to amplify a 269-bp fragment from H. ducreyi 35000 chromosomal DNA. The probe for the cat cartridge was obtained by using the oligonucleotide primers 5Ј-CCAGGTTTTCACCGTAACACGC-3Ј and 5Ј-TCCCAATGGCATCGTAAAGAAC-3Ј to amplify a 331-bp fragment from this antibiotic resistance gene. Both probes were radiolabeled with [␣- 32 P] dCTP by use of the Random-Primed DNA Labeling Kit (Boehringer-Mannheim Biochemicals, Indianapolis, Ind.) and purified on Quick Spin columns (Boehringer).
Virulence testing. The temperature-dependent rabbit model for experimental chancroid was used to determine the relative virulences of the H. ducreyi wildtype and mutant strains used in this study (53) . These studies were approved by the Institutional Animal Care and Research Advisory Committee. Briefly, eight New Zealand White adult male rabbits were used in this experiment. These animals were housed at a temperature of between 15 and 17°C. All other housing procedures and animal care procedures were performed in accordance with the standards of the U.S. Department of Agriculture and the Association for the Assessment and Accreditation of Laboratory Animal Care International. Tenfold serial dilutions of the H. ducreyi strains were injected intradermally. Each animal was injected with both the wild-type strain and the cdtC mutant in this experiment, with one injection of each dilution of the inoculum. Inocula were coded prior to injection to prevent bias in scoring of the resultant lesions. Lesion characteristics were scored as described previously (53) , using the following numeric values: 0, no change; 1, erythema; 2, induration; 3, nodule; and 4, pustule or necrosis. Lesion scores were recorded on days 2, 4, and 7 postinfection. On day 7 postinfection, material excised from lesions caused by injection of 10 5 CFU was cultured on CA plates. Statistical analyses were performed as described previously (65, 66) .
RESULTS
Production of MAbs reactive with the protein products of the H. ducreyi cdtABC gene cluster. To provide reagents necessary to confirm the isogenic nature of the desired H. ducreyi cdtC mutant, MAbs to the H. ducreyi CdtA, CdtB, and CdtC proteins were produced as described in Materials and Methods. It should be noted that the predicted sizes of the putative mature forms of the H. ducreyi CdtA, CdtB, and CdtC proteins are 23, 29, and 19 kDa, respectively (13) .
In Western blot analysis, MAb 1G8, raised against the HisCdtA fusion protein, bound a 24-kDa antigen in whole-cell lysates of the recombinant E. coli strain DH5␣(pJL300) (Fig.  2A, lane 2) , which contained the entire H. ducreyi 35000 cdtABC gene cluster. Repeated attempts to generate an H. ducreyi CdtB-reactive MAb by immunizing with a His-CdtB fusion protein (13) were unsuccessful. The use of an immunogen consisting of a CdtB-derived peptide coupled to keyhole limpet hemocyanin eventually yielded MAb 20B2, which bound a 30-kDa antigen expressed by the recombinant E. coli strain DH5␣(pJL300) (Fig. 2B, lane 2) . MAb 8C9, raised against the His-CdtC fusion protein, bound to a 20-kDa antigen expressed by E. coli DH5␣(pJL300) (Fig. 2C, lane 2) . None of these MAbs bound any antigens in the E. coli strain containing only the vector pBR322 (Fig. 2, lanes 1) . The CdtA-directed MAb 1G8, the CdtB-directed MAb 20B2, and the CdtC-directed MAb 8C9 were shown to be reactive with the homologous proteins produced by seven different H. ducreyi strains (35000, Hd12, Cha-1, 541, 041, 135, and Hd13) (66) isolated in six different geographic locations (data not shown). This finding reinforced the likelihood that the CdtABC proteins are fairly well conserved among strains of H. ducreyi (13) . These three MAbs did not bind to any proteins expressed by H. ducreyi 512, which has previously been shown to lack the cdtABC gene cluster (13) .
H. ducreyi CDT readily kills HeLa cells and HaCaT keratinocytes. Recombinant H. ducreyi CDT was previously shown to kill HeLa cells in culture (13) , and therefore these epithelial cells were included in these experiments as a positive control for cytotoxic activity. Culture supernatant fluid from E. coli DH5␣(pJL300) was used as the source of H. ducreyi CDT for cytotoxicity testing that involved two different types of human cells potentially relevant to the infectious process in chancroid: keratinocytes (i.e., the HaCaT cell line) and human foreskin fibroblasts. The recombinant form of H. ducreyi CDT readily killed both HeLa cells (Fig. 3B ) and HaCaT keratinocytes (Fig.   3G ). Recombinant H. ducreyi CDT had only a modest effect on human foreskin fibroblasts as evidenced by an inhibition of growth (Fig. 3L) . Culture supernatant fluid from a recombinant E. coli strain containing only the plasmid vector pBR322 had no effect on any of these three cell lines (Fig. 3A, F, and  K) .
Inactivation of the H. ducreyi cdtC gene in E. coli. Antibody against the H. ducreyi CdtC protein was previously shown to neutralize the activity of H. ducreyi CDT (13) . To confirm the involvement of the H. ducreyi CdtC protein in CDT activity, the cdtC gene within the cloned H. ducreyi cdtABC gene cluster was inactivated by insertional mutagenesis. Specifically, the cdtC gene in pJL300 was disrupted by insertion of a cat cartridge into the BseRI site within this open reading frame, yielding the mutated plasmid pJL303 (Fig. 1) . Western blot analysis of whole-cell lysates of the recombinant E. coli strain DH5␣(pJL303) indicated that the mutated H. ducreyi cdtABC gene cluster did not express any CdtC protein detectable by Western blot analysis (Fig. 2C, lane 3) . E. coli DH5␣(pJL303) still expressed both the cdtA gene product (Fig. 2A, lane 3) and the cdtB gene product (Fig. 2B, lane 3) , although the level of CdtB appeared to be somewhat reduced.
This insertion of the cat cartridge into the H. ducreyi cdtC gene eliminated the ability of culture supernatant fluid from the recombinant E. coli strain to kill HeLa cells (Fig. 3C ) and HaCaT keratinocytes (Fig. 3H ). This mutation also eliminated the modest inhibitory effect of the recombinant H. ducreyi CDT on human foreskin fibroblasts (Fig. 3M) .
Construction of an isogenic H. ducreyi cdtC mutant. Plasmid pJL303, containing the mutated cdtC gene, was linearized and used to electroporate the wild-type H. ducreyi strain 35000. A chloramphenicol-resistant transformant, 35000.303, was shown to be unable to express the CdtC protein as determined by Western blot analysis (Fig. 2C, lane 7) . In contrast, the CdtC protein expressed by the wild-type parent strain (Fig. 2C, lane  6 ) was readily detected in this system. This mutant strain also expressed CdtA (Fig. 2A, lane 7) and CdtB (Fig. 2B, lane 7) ; again, the level of CdtB appeared to be somewhat less than that expressed by the wild-type parent strain (Fig. 2B, lane 6) . To eliminate the possibility that an undetected secondary mutation had occurred in or near the cdtABC gene cluster during insertion of the cat cartridge or during allelic exchange, the entire cdtABC gene cluster containing the cat cartridge and immediately flanking DNA was amplified from this mutant strain by PCR and subjected to nucleotide sequence analysis to confirm that there were no other mutations in this DNA region.
Southern blot analysis was used to confirm that H. ducreyi 35000.303 had only a single cat cartridge insertion in its chromosome. When chromosomal DNA from the wild-type parent strain 35000 was probed with a 269-bp fragment derived by PCR from the H. ducreyi cdtC gene (Fig. 1) , a 4.5-kb PstI fragment hybridized to this probe (Fig. 4A, lane 1) . This same probe hybridized to a 6-kb PstI fragment of chromosomal DNA from 35000.303 (Fig. 4A, lane 2) . This result is consistent with the replacement, in strain 35000.303, of the wild-type cdtC gene with the mutated allele containing the 1.4-kb cat cartridge. When a 331-bp fragment derived from the cat cartridge was used as the probe, a 6-kb PstI fragment from 35000.303 also hybridized to this cat probe (Fig. 4B, lane 2) . Chromosomal DNA from the wild-type parent strain 35000 did not hybridize to the cat probe (Fig. 4B, lane 1) .
Culture supernatant fluid from the wild-type H. ducreyi strain 35000 readily killed both HeLa cells (Fig. 5A) and HaCaT keratinocytes (Fig. 5E ) and had a modest inhibitory effect on human foreskin fibroblasts (Fig. 5I) (Fig. 5B) or HaCaT keratinocytes (Fig. 5F ) and also did not inhibit growth of human foreskin fibroblasts (Fig. 5J) .
Complementation of the cdtC mutant. Complementation analysis was used to eliminate the possibility that an unlinked secondary mutation was responsible for the lack of cytotoxicity observed with the H. ducreyi cdtC mutant 35000.303. The cdtC open reading frame together with a small amount of flanking DNA was amplified by PCR from the chromosome of H. ducreyi 35000 and cloned into the shuttle vector pLS88 to obtain pJL300-C (Fig. 1) . When introduced into the recombinant E. coli strain DH5␣(pJL303) containing the mutated cdtC gene, pJL300-C restored both expression of the CdtC protein (Fig.  2C, lane 5) and cytotoxicity of this strain for HeLa cells (Fig.  3E ) and HaCaT keratinocytes (Fig. 3J) . Culture supernatant fluid from E. coli DH5␣(pJL303)(pJL300-C) also inhibited the growth of human foreskin fibroblasts (Fig. 3O) . The presence of only the pLS88 vector in this same recombinant E. coli strain [DH5␣(pJL303)] (Fig. 2, lanes 4, and Fig. 3D, I , and N) did not affect the phenotype of this strain in the relevant test systems.
When pJL300-C was introduced into the isogenic H. ducreyi cdtC mutant 35000.303 (Fig. 2C, lane 9) , the presence of the wild-type H. ducreyi cdtC gene in trans restored expression of the CdtC protein. The presence of the pLS88 vector alone in this mutant had no detectable effect on its inability to express the CdtC protein (Fig. 2C, lane 8) . Complementation with pJL300-C restored the ability of this H. ducreyi cdtC mutant to kill both HeLa cells (Fig. 5D ) and HaCaT keratinocytes (Fig.   5H ) and to inhibit the growth of human foreskin fibroblasts (Fig. 5L) . The presence of only the pLS88 vector in this H. ducreyi mutant did not restore cytotoxicity for HeLa cells (Fig.  5C ) and HaCaT keratinocytes (Fig. 5G) .
Southern blot analysis confirmed that the wild-type cdtC gene in the complemented cdtC mutant was still present in the plasmid (Fig. 4) . A chromosomal DNA preparation from 35000.303(pJL300-C) was digested with PstI, which cuts pJL300-C twice, yielding a 4.8-kb fragment containing the cloned H. ducreyi cdtC gene and a 0.8-kb fragment (data not shown). This 4.8-kb plasmid fragment bound the cdtC probe, as did the 6-kb PstI chromosomal fragment containing the mutated cdtC gene (Fig. 4A, lane 3) . The cat probe bound only to the 6-kb PstI chromosomal fragment from this complemented mutant strain (Fig. 4B, lane 3) .
Effect of the cdtC mutation on virulence of H. ducreyi. The isogenic cdtC mutant strain 35000.303 was compared to the wild-type parent strain for its ability to produce lesions in the temperature-dependent rabbit model (53) . In an experiment involving eight animals, the cdtC mutant proved to be as virulent as the wild-type parent strain with regard to lesion production (Table 2 ). In addition, in seven of eight animals, viable H. ducreyi cells were isolated from the lesions resulting from the injection of 10 5 CFU for both of the strains (data not shown). The numbers of CFU of the wild-type strain and the cdtC mutant recovered from the infected animals were equivalent (data not shown). Expression of H. ducreyi CDT in vivo was confirmed by Western blot-based analysis of serum obtained from rabbits that had been infected several times with viable H. ducreyi 35000; this serum contained antibodies directed against the H. ducreyi CdtC protein (data not shown).
DISCUSSION
CDT was originally identified by Johnson and Lior (26, 28, 29) , in studies of enteric pathogens, as the soluble factor in bacterial culture supernatant fluids which caused the appearance of giant elongated Chinese hamster ovary (CHO) cells after prolonged incubation. Subsequent studies from their and a Eight rabbits were used in this experiment. b P value calculated for the difference between wild-type and test strain lesion scores. P values were calculated by using the lesion scores from both inoculum sizes and from all 3 days.
other laboratories revealed that CDT is a novel toxic activity released by some E. coli strains (26, 51, 62) and Shigella isolates (27, 42) and by many Campylobacter species (28, 40, 52) . It has now been shown that CDT causes elongation followed by progressive cellular distention and cytotoxicity with certain mammalian cell lines (i.e., CHO, HeLa, HEp-2, and Vero) in vitro (29) . Moreover, recent studies using HeLa cells have shown that E. coli CDT blocks the cell cycle at the G 2 /M transition, apparently by preventing Cdc2 protein kinase dephosphorylation and activation (12, 50, 75) . In addition, E. coli CDT affects F-actin assembly by CHO cells in culture (4) .
To date, the cdtABC gene clusters from a number of enteric pathogens have been sequenced. These include three E. coli strains (50, 51, 62) , a Shigella dysenteriae strain (42) , and one strain of Campylobacter jejuni (52, 75) . The exact in vivo function of the enteric CDT proteins has not been determined, and a primary role for CDT in the pathogenesis of disease caused by these enteric pathogens has not been established (1) . However, in one recent study using a suckling mouse model, recombinant CDT from S. dysenteriae was reported to be diarrheagenic (41) .
Despite the recent identification of CDT homologs in numerous different organisms, including, most recently, Actinobacillus actinomycetemcomitans (36, 67) , information on the exact nature of the CDT cytotoxic moiety remains limited. It has been reported that both A. actinomycetemcomitans CDT and H. ducreyi CDT, similar to that of E. coli, induce cell cycle arrest in the G 2 phase (14, 67) . At least in H. ducreyi, CDT activity in culture supernatant fluid was shown to involve a soluble protein with an apparent molecular mass in SDS-PAGE of approximately 20 kDa and an N-terminal amino acid sequence identical to that contained in the proposed mature form of the H. ducreyi CdtC protein (13, 55) . Antibody to the H. ducreyi CdtC protein was shown to neutralize CDT activity in H. ducreyi culture supernatant fluid (13) , and a similar result was reported recently for polyclonal antibody reactive with the CdtC protein expressed by A. actinomycetemcomitans (67) . The last study also indicated that polyclonal antibody to the CdtA protein had a modest blocking effect on CDT activity (67) .
It can be inferred from the accumulated data that at least the CdtC protein is involved, directly or indirectly, in the ability of H. ducreyi CDT to kill certain types of human cells. The functions of the CdtA and CdtB proteins remain to be determined, although it appears that all three gene products (i.e., CdtA, CdtB, and CdtC) must be expressed by the pathogen for CDT to be active in culture supernatant fluid (51, 52, 62, 67) . All three proteins encoded by the H. ducreyi cdtABC gene cluster appear to have signal peptides, although the existence of a signal peptide has been confirmed only for the CdtC protein of H. ducreyi (13, 55) .
Construction of an isogenic H. ducreyi cdtC mutant in the present study allowed us to confirm that CDT was responsible for the observed killing of HeLa cells by cell-free H. ducreyi culture supernatant fluids (13, 56) . It had been previously shown that rapid killing of human foreskin fibroblasts by H. ducreyi required contact between the human cells and the bacterium (25) . This contact-dependent killing of human foreskin fibroblasts was later shown to be the result of the activity of the HhdA hemolysin of H. ducreyi. Isogenic hemolysindeficient mutants were unable to kill human foreskin fibroblasts in vitro when cocultivated with these human cells (2, 43) and had a reduced ability to kill human keratinocytes (i.e., HaCaT cells) (43) . However, the isogenic hemolysin-deficient mutant still killed HeLa cells (43) , a finding which indicated that this hemolysin was not the cytotoxic factor responsible for the killing of HeLa cells by H. ducreyi.
Culture supernatant fluid from the recombinant E. coli strain DH5␣(pJL300) containing the intact H. ducreyi cdtABC gene cluster readily killed HaCaT keratinocytes (Fig. 3G) . More importantly, culture supernatant fluid from the wild-type H. ducreyi strain killed these keratinocytes (Fig. 5E ), whereas culture supernatant fluid from the isogenic H. ducreyi cdtC mutant had no apparent effect on these human cells (Fig. 5F ). These results indicate that the soluble H. ducreyi CDT can kill keratinocytes, or at least the HaCaT keratinocyte cell line. It should be noted that the HhdA hemolysin of H. ducreyi also can affect keratinocytes as evidenced by the fact that a mutation which abolished hemolysin expression reduced but did not eliminate the ability of H. ducreyi cells to kill HaCaT cells during cocultivation (43) . Moreover, the results of the present study indicate that the reduced killing of keratinocytes obtained with the hemolysin-deficient H. ducreyi mutant (43) was likely the result of CDT activity.
The cumulative results of cytotoxicity testing with culture supernatant fluids from the recombinant E. coli strain containing the H. ducreyi cdtABC gene cluster (Fig. 3L) , the recombinant E. coli strain containing the cat cartridge insertion (Fig.  3M) , and the wild-type H. ducreyi strain (Fig. 5I ) and its isogenic cdtC mutant (Fig. 5J) indicated that H. ducreyi CDT can exert a negative albeit modest effect on human foreskin fibroblasts in culture. This effect was evidenced by an apparent inhibition of growth caused by CDT ( Fig. 3L and 5I ). Additional experiments in which decreasing numbers of human foreskin fibroblasts were exposed to culture supernatant fluid containing recombinant H. ducreyi CDT reinforced the impression that CDT exerted an inhibitory rather than a cytotoxic effect on these cells (35) . These data are not in conflict with the reported inability of hemolysin-deficient H. ducreyi mutants to kill human foreskin fibroblasts in culture (2, 43) . The cytotoxicity assays in the latter studies were terminated after only 24 to 30 h of incubation; this period of time is much too short to allow the CDT activity expressed by the hemolysin-deficient H. ducreyi mutant to be detected with human foreskin fibroblasts as the target cell line.
Interestingly, when the H. ducreyi cdtC mutant was tested in the temperature-dependent rabbit model for its ability to produce dermal lesions, this mutant proved to have a level of virulence expression that was not distinguishable from that of its wild-type parent strain. Other isogenic H. ducreyi mutants tested previously in this model, including both a hupA (hgbA) mutant unable to utilize hemoglobin (66) and a gmhA mutant expressing a drastically truncated lipooligosaccharide molecule (5), exhibited a reduced ability to form lesions. In these two instances, a reduction in virulence was correlated with a reduced ability to survive in vivo, as evidenced by the fact that viable mutant H. ducreyi could not be recovered from the lesions of these animals (5, 66). Attempts to recover viable H. ducreyi from lesions resulting from inoculation with the cdtC mutant revealed that this mutant apparently was able to survive in vivo as well as the wild-type parent strain (data not shown). These results suggest that, at least in this rabbit model, the ability of an H. ducreyi mutant to form dermal lesions may be an indication of its ability to survive and replicate in vivo. If this is the case, then elaboration of CDT, which could be involved in the development of ulcers, is not essential to survival of H. ducreyi in this rabbit model.
One limitation of the rabbit model, in contrast to naturally acquired H. ducreyi infection, is that the intradermal method of inoculation bypasses the keratinocytes (against which H. ducreyi CDT is relatively active) and introduces the bacteria into the dermis, where they initially interact with fibroblasts (against which H. ducreyi CDT is not very active). This artificial method of inoculation may protect keratinocytes from the action of CDT. However, H. ducreyi CDT is apparently soluble in vitro, which should allow this diffusible toxin access to the nearby epidermal keratinocytes. This exposure of keratinocytes to H. ducreyi CDT could also be facilitated by the breakdown in the basement membrane that occurs with lesion formation.
It is also possible that lesion development caused by H. ducreyi in rabbits simply may not involve CDT. Efforts to determine the sensitivities of various rabbit cells to H. ducreyi CDT have been initiated in this laboratory. In view of the demonstrated cytotoxic effect of H. ducreyi CDT on several different human cell lines, the possible involvement of this cytotoxin in the development of lesions in the experimental human challenge model will have to be addressed in the future (46, 47, 63, 64) .
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